In patients with schizophrenia, deficient generation of mismatch negativity (MMN)-an eventrelated potential (ERP) indexing auditory sensory ("echoic") memory-and a selective increase of "context dependent" ("BX") errors in the "A-X" version of the Continuous Performance Test (AX-CPT) indicate an impaired ability to form and use transient memory traces. Animal and human studies implicate deficient N-methyl-D-aspartate receptor (NMDAR) functioning in such abnormalities. In this study, effects of the NMDAR antagonists ketamine on MMN generation and AX-CPT performance were investigated in healthy volunteers to test the hypothesis that NMDARs are critically involved in human MMN generation, and to assess the nature of ketamine-induced deficits in AX-CPT performance.
N
EUROCOGNITIVE deficits represent a significant feature of schizophrenia [1] [2] [3] [4] [5] [6] [7] and an important limiting factor for functional outcome. [8] [9] [10] They include a deficient ability to form and use transient memory traces of task relevant information. For example, patients with schizophrenia show deficits in auditory sensory ("echoic") memory, which encodes and maintains representations of simple physical features of auditory stimuli (eg, pitch, intensity) for up to 30 seconds after stimulus presentation. 11 These deficits are manifested in an impaired ability to match tones after a brief delay [12] [13] [14] and in deficient generation of an event-related potential (ERP) component that is termed mismatch negativity (MMN) and represents an index of echoic memory. 5, [15] [16] [17] [18] [19] [20] [21] Similarly, patients with schizophrenia perform poorly in more complex attention-dependent taskssuch as a modified version of the "A-X" Continuous Performance Test (AX-CPT)-that require the successful formation and transient maintenance of a representation of task relevant information for correct task performance. 22, 23 Deficient N-methyl-D-aspartate (NMDAR)-dependent neurotransmission has been implicated in neurocognitive deficits of schizophrenia 24, 25 by similarities of cognitive deficits [26] [27] [28] [29] [30] [31] and abnormal brain activation patterns [32] [33] [34] that are induced by NMDAR antagonists with abnormalities in schizophrenia. Deficient NDMAR functioning may specifically contribute to failures in transient memory, since NMDAR antagonists impair performance in tasks that tax transient maintenance of information. 28, [35] [36] [37] [38] [39] Furthermore, in nonhuman primates,
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ORIGINAL ARTICLE NMDAR antagonists selectively abolish MMN, indicating a crucial role of NMDARs in MMN generation and echoic memory 40, 41 These results thus suggest that deficient NMDAR-dependent neurotransmission may underlie deficits in MMN generation and echoic memory in schizophrenia 5, [15] [16] [17] [18] [19] [20] [21] and possibly contribute to impaired performance in tasks in which transient maintenance of information is crucial, such as the AX-CPT.
SUBJECTS AND METHODS
The study was approved by the ethics committee of the Psychiatric University Hospital Zurich and conducted in the Research Department of the Psychiatric University Hospital.
SUBJECTS
Normal subjects were recruited in the local university and technical college through advertisement. During the initial screening interview by the principal investigator (D.U.), the rationale and the goal of the study were explained in lay terms to the subjects. In addition, the expected psychotomimetic and dissociative effects were reviewed in detail and described as accurately as possible. Potential physical adverse effects of low-dose ketamine, such as nausea, vomiting, and dizziness, were discussed with all subjects. Subjects were informed that they would be under constant supervision during the whole session and that the experiment would be stopped at any time if they wished or if adverse effects occurred. All potential study candidates were thus fully informed about the goal and the risks of the study orally and in writing, and signed informed consent. After signing informed consent, subjects underwent a screening that included a structured clinical interview (Composite International Clinical Interview 49 ) assessing present and past personal psychiatric history, a semistructured interview covering family psychiatric history, a physical examination, and laboratory tests that included a complete blood cell count, routine blood chemistry, and an electrocardiogram. Exclusion criteria were a history of Axis I disorders, a history of drug dependence or present drug abuse, a psychiatric family history of Axis I disorders extending to second-degree relatives, and the presence of any medical disorders. None of the female subjects was pregnant. Intelligence was assessed using the Hamburg-Wechsler Intelligence Scale, Revised Version. 50 Handedness was determined using the handedness scale by Chapman and Chapman. 51 Twenty-one subjects were enrolled in the study. They received a financial remuneration for participation in this study. One female subject was dropped from the study after she developed nausea and vomiting during the ketamine infusion, which necessitated a premature stop of test procedures. Thus, 20 subjects (14 men and 6 women) were included in the final analysis. Their mean±SD age was 24.6±2.9 years. Eighteen were university students; 2 had completed an apprenticeship and were employed at the time of the study. Nineteen of the subjects were right-handed; the mean±SD verbal and performance IQ scores were 114±11 and 117±9, respectively.
PROCEDURES

Ketamine/Placebo Infusion
Each subject underwent both a placebo and ketamine infusion on 2 separate days in a randomized and counterbalanced order. Subjects were blind to infusion order. On both infusion days, subjects arrived in the laboratory around 9 AM after an overnight fast. An indwelling catheter was placed in the antecubital vein of the nondominant arm and an infusion of physiological sodium chloride solution and 5% glucose was started and kept at a flow of 20 mL/h. Then, a baseline ERP recording was acquired using the test paradigms described below. After the baseline phase, a bolus of ketamine, 0.24 mg/kg, was given intravenously over 5 minutes, followed by a 5-minute pause. Then, a maintenance infusion of ketamine, 0.9 mg/kg per hour, was started. Previous research has demonstrated that ketamine blood levels slowly increase during a constant ketamine infusion. 52 Thus, to keep ketamine levels fairly constant, the dose was reduced by 10% every 15 minutes. In the placebo session, the same schedule (bolus, pause, and maintenance) was followed. Instead of ketamine, an infusion of physiological sodium chloride solution and 5% glucose was given. Twenty minutes after the start of the ketamine or placebo bolus the second ERP recording began. On completion of the second ERP recording, the ketamine or placebo infusion was stopped. Subjects were given 30 minutes to recover from the ketamine or placebo infusion; then a third ERP recording was acquired. During the entire session, subjects were under the constant supervision of study personnel.
Behavioral Ratings
At the end of each ERP recording session, behavioral effects were assessed using the Brief Psychiatric Rating Scale (BPRS) (scale points, 1-7). 53 In 1 subject, several items could not be reliably assessed during ketamine administration; therefore, for some analyses, only data from 19 subjects were available. Orientation to person, place, and time were assessed with 3 items from the Modified Mini-Mental State Examination 54 (date and place of birth, temporal orientation, and spatial orientation) that yield a maximum score of 25 indicating full orientation. This measure was obtained in 18 subjects.
Auditory Test Paradigm
The ERP recordings were acquired during the presentation of auditory stimuli, consisting of 100-millisecond, 1000-Hz standard intermixed with 100-millisecond, 1500-Hz pitch deviants and 250-millisecond, 1000-Hz duration deviants. Stimuli were presented in a fixed order (9 standard, 1 pitch deviant, 9 standard, and 1 duration deviant) with an stimulus onset asynchrony of 300 milliseconds and presented through foam insert earphones at nominal intensity of 75-dB sound pressure level. Stimuli were presented in 4 blocks with 1517 stimuli each. During presentation of the auditory test paradigm, subjects performed a visual AX-CPT to minimize their attention to the auditory stimuli.
The AX-CPT
Visual stimuli consisted of individual letters and were presented sequentially on a computer screen for 250 milliseconds This study tested the hypothesis that in healthy volunteers NMDAR blockade-induced by low-dose ketamine-results in a selective deficit in MMN generation to provide supporting or refuting evidence for the assumption that MMN deficits in schizophrenia may indeed reflect abnormal NMDAR functioning. In addition, ketamine-induced deficits in the performance of the AX-CPT were explored. Specifically, we were interested each. Subjects were instructed to press a button whenever the letter A ("correct cue") was followed by the letter X ("correct target"). All other sequences were to be ignored, including sequences in which an incorrect cue (designated "B," but consisting of all letters other than A or X) was followed by the target letter (X) or sequences in which a correct cue (A) was followed by an incorrect target (designated "Y," but consisting of all letters other than A or X). Stimuli were presented in 4 blocks of 280 stimuli (140 pairs) each. Within each block, 50% of the cue-target sequences were presented with short interstimulus interval (ISI) (0.8 seconds) and 50% with long ISI (4 seconds). Short and long ISI were pseudorandomly intermixed. The time between stimulus pairs was constant at 0.8 seconds. Seventy percent of the stimulus pairs were AX sequences; all other sequences (BX, AY, and BY) occurred with a probability of .1 each.
ERP Recordings
Electroencephalogram recordings were acquired with a Neuroscan SCAN system (Neuroscan Labs, Sterling, Va) and obtained from 28 scalp locations, consisting of standard 10/20 placements plus right and left mastoid placement along with right vertical and horizontal electro-oculographic electrodes. An electrode placed on the nose served as reference. Electrode impedance was kept below 5 k⍀. Activity was amplified with a band pass of 0.1 to 50 Hz (6 dB down) and digitized continuously at a sampling rate of 500 Hz. Digital tags were obtained to all auditory stimuli.
Epochs were constructed that consisted of a 100-millisecond prestimulus baseline and a 500-millisecond poststimulus interval. After correction of vertical eye movements and blinks using the algorithm provided by Neuroscan software, epochs with amplitudes exceeding ±75 µV at any electrode except the vertical eye leads were excluded from averaging. After artifact rejection, epochs were averaged offline for each subject, session, phase, and stimulus type, and digitally filtered with a low-pass filter of 15 Hz (24 dB down).
Analyses focused on generation of N1 and P2 to the standard stimuli and MMN generation to pitch-and duration-deviant stimuli. Mismatch negativity waveforms were obtained by subtracting waveforms elicited by standards from waveforms elicited by pitch-or duration-deviant stimuli. Waveforms were mathematically referenced to an average mastoid reference before peak detection. For N1, amplitude was defined as peak negativity within the 50-to 150-millisecond latency; for P2, amplitude was defined as peak positivity within the 150-to 250-millisecond latency. For pitch MMN, amplitude was defined as the peak negativity within the 100-to 225-millisecond latency window. For duration MMN, amplitude was defined as the peak negativity within the 200-to 300-millisecond range.
For all subjects and recording phases, the number of sweeps available for computing the MMN average waves exceeded a threshold of 100 that was set because of signal-to-noise concerns. In addition, the number of sweeps that survived artifact rejection and were included in the MMN average waves did not differ significantly for each phase of both infusions (mean [SD] number of averaged sweeps in all phases) (for standard stimuli, 3741 [756] ; for pitch deviants, 235 [46] ; and for duration deviants, 236 [47] ).
STATISTICAL ANALYSIS
For ERP analyses, the primary dependent measures consisted of amplitude and latency of N1 and P2 at Fz to the standard stimulus and amplitude and latency of pitch and duration MMN at Fz. Effects of ketamine were evaluated using repeated-measures analyses of variance (ANOVAs) with infusion (ketamine vs placebo) and time (preinfusion baseline phase vs ketamine/placebo infusion phase vs postinfusion phase) as repeated measures. For the analysis of MMN, an additional within-subject 2-level factor denoting MMN type (pitch vs duration condition) was included. Paired t tests were performed for post hoc analysis if indicated. Additional topographic analyses evaluated the effects of ketamine administration on MMN distribution across relevant electrode pairs.
For the analyses of performance of AX-CPT, dependent measures consisted of percentage correct detection of correct cue/correct target ("AX") sequences (hit rate), and percentage of incorrect responses (false alarms) to other ("BX," "AY," and "BY") sequences. Effects of ketamine on hit rate were evaluated with 2ϫ3ϫ2-factorial repeated-measures ANOVAs with infusion (ketamine vs placebo); time (preinfusion baseline phase vs ketamine/placebo infusion phase vs postinfusion phase); and ISI (short vs long) as repeated measures. Analyses of false-alarm rates were done similarly with an additional within-subject factor with 3 levels denoting falsealarm type (BX vs AY vs BY). Differences between rates of BX errors and AY and BY errors, respectively, during the 3 phases of both sessions were evaluated with simple withinsubject contrasts involving infusion (contrast: ketamine vs placebo); time (contrasts: preinfusion baseline phase vs ketamine/placebo infusion phase; preinfusion baseline phase vs postinfusion phase); and false-alarm type (contrasts: BX vs AY and BX vs BY). Post hoc paired t tests were used to assess specific differences if indicated.
For behavioral analyses, we used the BPRS total score and 5 factors that can be derived from the BPRS items as follows: (1) psychosis factor: conceptual disorganization, suspiciousness, hallucinatory behavior, and unusual thought content; (2) activation factor: tension, mannerism and posturing, and excitement; (3) anxiety/ depression factor: somatic concern, anxiety, guilt feelings, and depressive mood; (4) anergia factor: emotional withdrawal, motor retardation, and blunted affect; and (5) hostility factor: hostility, suspiciousness, and uncooperativeness. Effects of ketamine were evaluated with 2ϫ 3-factorial repeated-measures ANOVAs with infusion (ketamine vs placebo) and time (preinfusion baseline phase vs ketamine/placebo infusion phase vs postinfusion phase) as repeated measures.
For all statistical analyses, a level of ␣= .05 was considered significant.
in their resemblance to the deficits observed in schizophrenia. 21 We hypothesized that ketamine would significantly decrease MMN without reducing sensory eventrelated potentials (ERPs), such as N1, and specifically increase those errors in the AX-CPT that are indicative of deficient formation and use of transient memory traces.
Ketamine-a so-called dissociative anesthetic-is a noncompetitive NMDAR antagonist binding to the phencyclidine site within the ion channel of the NMDAR complex. 25 Its well-documented psychotomimetic effects at subanesthetic doses 26, [42] [43] [44] [45] are short-lived because of its short half-life. 46 Ketamine anesthesia produces minimal cardiac and respiratory effects, is not associated with any long-term psychological effects, 47 and shows an excellent safety record. 48 The minimal risks associated with low-dose ketamine justify its use as a pharmacological probe in healthy volunteers if important questions concerning the basis of neurocognitive deficits in schizophrenia are addressed that cannot be answered by studies in animals. That is the case in this study.
RESULTS
EFFECTS OF KETAMINE ON BEHAVIOR AND ORIENTATION
During ketamine administration, the expected behavioral changes were observed: The mean ± SD BPRS total s c o r e i n c r e a s e d f r o m 1 9 . 1 ± 1 . 3 t o 3 3 . 3 ± 8 . 2 (infusionϫtime interaction: F 2,18 =31.32, PϽ.001). In addition, significant increases of the mean ± SD BPRS psychosis factor scores (baseline: 4.0±0.0; ketamine administration: 9.8 ± 3.8; and infusion ϫ time interaction: F 2,18 =22.72, PϽ.001) and the mean±SD BPRS anergia factor scores (baseline: 3.5 ± 0.8; ketamine administration: 8.5 ± 3.7; and infusion ϫ time interaction: F 2,18 = 18.37, PϽ.001) were observed. There were also significant, but less pronounced, increases of the mean±SD BPRS anxiety/ depression factor (baseline: 4.3±0.7; ketamine administration: 5.7 ± 2.5; and infusion ϫ time interaction: F 2,18 = 4.00, P = .04) and activation factor scores (baseline: 3.2 ± 0.6; ketamine administration: 4.3 ± 2.5; and infusionϫtime interaction: F 2,18 =3.61, P=.05) during ketamine administration. Ketamine did not affect autobiographic, temporal, or spatial orientation of subjects (repeated-measures ANOVA for ketamine infusion: F 1,17 =1. 76, P=.20) . In 1 subject, there was a decrease by 6 points, and in 2 subjects, a decrease by 1 point of the total score were noted. In all other subjects, orientation scores remained unchanged.
EFFECTS OF KETAMINE ON AUDITORY ERPs
Mismatch Negativity
In both baseline sessions, robust MMN amplitudes to pitch and duration deviants were recorded with MMN maxima at Fz. As expected, MMN latency to pitch-durationdeviant stimuli were approximately 100 milliseconds longer than to pitch-deviant stimuli in the baseline phases of both the placebo and ketamine session ( Table 1 ) (Figure 1) . Ketamine administration was associated with a significant reduction of MMN peak amplitudes in the pitchand duration-deviance condition (Table 2) (Figure 2) . During ketamine administration, the mean peak amplitude of MMN-to-pitch deviants decreased by 1.47 µV, or 27%; the mean peak amplitude of MMN-to-duration deviants decreased by 0.9 µV, or 21%, from the corresponding baseline values of that session. A repeated-measures ANOVA demonstrated a significant infusionϫtime interaction (F 2,18 =4.57, P=.03). The infusionϫtimeϫMMN- 
04).
The corresponding comparisons for the placebo session were not significant. Ketamine administration was associated with a slight, but significant increase of MMN peak latencies (infusionϫtime interaction: F 2,18 =9.96, PϽ.001) mainly as a result of an increase of the peak latency of MMN in the duration condition. Post hoc paired t tests demonstrated significantly longer MMN peak latency-toduration deviants during ketamine administration than at session baseline (t 19 =2.41, P=.03) and than during placebo administration (t 19 = 3.56, P = .002).
MMN Topography
Further analyses investigated effects of ketamine administration on MMN at specific electrode pairs (C3/C4, T3/ T4, and P3/P4) that have been reported to be associated with lateralized dysfunction in schizophrenia. 55 For each electrode pair, infusion ϫ time ϫ hemisphere interactions were not significant, indicating that the ketamine administration was not associated with a different left-right topography.
N1/P2 Amplitudes and Latencies
During the baseline of both sessions, subjects showed amplitudes and latencies of N1 and P2 in the range expected for an stimulus onset asynchrony of 300 milliseconds (Table 2) . Ketamine administration was associated with a small, but significant, increase of N1 peak amplitude, resulting in a significant infusion ϫ time interaction (F 2,18 =4.70, P =.02). Post hoc paired t tests demonstrated a significantly larger N1 peak amplitude during ketamine than placebo administration (t 19 = −3,69, P = .002). The increase of N1 amplitude during ketamine administration from the session baseline failed to reach significance (post hoc paired t test: t 19 = 1,88, P=.07). Ketamine administration did not affect N1 peak latency.
The P2 amplitude increased slightly, but significantly, throughout both recording sessions (effect of time: F 2,18 =16.01, PϽ.001). Ketamine administration was not associated with any particular effect on peak amplitude (infusionϫ time interaction: F 2,18 =0.89, P =.40). There was no significant effect on peak latency of P2.
EFFECTS OF KETAMINE ON AX-CPT PERFORMANCE
During the collection of MMN data, subjects performed the AX-CPT (1 subject completely stopped performing the task during ketamine administration; thus, data of 19 subjects were included in the analysis). Ketamine administration was associated with a significant decline of the correct detection of the AX-sequence (hit rate) at both ISIs ( Figure 2 and Figure 3) . A repeated-measures ANOVA demonstrated a significant infusion ϫ time interaction (F 2,17 =10.02, P=.001). The infusionϫtimeϫISI interaction was not significant, indicating no differential impairment of performance at the 2 ISIs (F 2,17 =2.19, P =.14). Post hoc paired t tests confirmed significantly lower hit rates during ketamine administration than during the baseline of the ketamine infusion (short ISI: t 18 = −4.63, PϽ.001; long ISI: t 18 = −4.60, PϽ.001). Ketamine administration was associated with an increase of false alarms that was most pronounced for false alarms to BX sequences at both short and long ISI. A repeatedmeasures ANOVA demonstrated a significant 3-way interaction of infusionϫtimeϫfalse-alarm type (F 4,15 =3.33, P =.04). The degree of false-alarm increases were similar at short and long ISI, so that the infusion typeϫfalse-alarm type ϫ ISI effect was nonsignificant (F 4,15 = 1.61, P=.37). Contrasting BX error rates with rates of AY and BY errors, a significantly greater increase of BX errors than both AY and BY errors, was observed during ketamine administration as compared with baseline and placebo administration (contrasts: ketamine vs placebo session, baseline vs infusion phase, and BX vs AY error rates: F 1,18 = 5.54, P = .03; contrasts: ketamine vs placebo session, baseline vs infusion phase, and BX vs BY error rates: F 1,18 =12.14, P =.003). The BX error rates were not significantly different than AY or BY error rates during the postinfusion phase as compared with the baseline phase (contrasts: ketamine vs placebo session, baseline vs postinfusion phase, BX vs AY error rates: F 1,18 =0.22, P=.60; contrasts: ketamine vs placebo session, baseline vs postinfusion phase, BX vs BY error rates: F 1,18 =0.05, P=.80). Paired t tests confirmed significantly higher BX error rates during ketamine administration than during baseline of the ketamine session for both ISIs (short ISI: t 18 =−4.08, P =.001; long ISI: t 18 =−3.55, P=.005).
Table 2. Peak Amplitudes and Latencies of Sensory Event-Related Potentials (ERPs) N1 and P2 (N = 20)
Similar results were obtained, when aЈ measures obtained from signal-detection analyses and calculated separately for both ISIs, were used in place of BX falsealarm rates. There was a significant infusion ϫ time interaction: F 2,17 = 21.14, PϽ.001), but a nonsignificant infusion ϫ time ϫ ISI interaction: (F 2,17 = 1.21, P = .30), again indicating a significantly worse performance during ketamine administration irrespective of ISI. Paired t tests demonstrated a significant decline of aЈ at short and long ISI during ketamine administration as compared with baseline values (short ISI: t 18 =−6.24. PϽ.001; long ISI: t 18 =−6.18, PϽ.001).
COMMENT
This study evaluated the hypothesis that NMDARs are critically involved in formation and use of transient memory traces, both at the auditory sensory level and in a task engaging prefrontal circuitry. 56 Specifically, the hypothesis was tested that, in humans, MMN generation-an index of the auditory sensory memorydepends on intact NMDAR functioning. The results support this hypothesis: In healthy volunteers, subanesthetic doses of the NMDA antagonist ketamine significantly diminished MMN generation, both in a pitch and a duration deviance condition, without reducing sensory ERPs with similar latency. Thus, the reduction of MMN is not caused by a general weakening of ERP generators, but must specifically involve the neuronal processes generating the MMN wave. Furthermore, the expected latency shift of approximately 100 milliseconds between MMN-to-pitch deviants and MMN-to-duration deviants was observed throughout both recording sessions and thus served as additional validation criterion that the ERP components affected by ketamine were indeed MMN waves.
The ability of ketamine to inhibit MMN generation in humans is consistent with the reduction of MMN in monkeys after infusion of NMDA antagonists into primary auditory cortex. 40, 41, 57 The accompanying article by Javitt et al 21 demonstrates impaired MMN generation, both in a pitch and duration deviance condition in patients with recentonset and chronic schizophrenia, confirming previous reports of MMN deficits in schizophrenia. 5, [15] [16] [17] [18] [19] [20] Our findings thus suggest that these deficits may be direct manifestations of deficient NMDAR-dependent neurotransmission. Reduced glutamate release, 58 abnormal expression of specific subunits of the NMDAR, [59] [60] [61] reduced messenger RNA for specific subunits of the NMDAR, 62 and evidence for altered connectivity 63, 64 have been described in schizophrenia and could possibly lead or contribute to NMDA/ glutamatergic hypofunction. Our results thus provide indirect evidence in support of the glutamate/NMDA hypothesis of schizophrenia
In our study, generally greater MMN amplitudes and larger MMN-to-pitch than MMN-to-duration deviants were observed compared with the study by Javitt et al. 21 These differences are consistent with an association of greater MMN with a lower probability of the deviant stimuli and a larger difference between pitch deviant and standard stimulus, respectively, as used in our study. 65 Also, ketamine increased the latency of MMN-toduration deviants, while this latency was not abnormal in patients with schizophrenia in the study by Javitt et al. This disparity may be related to the lower deviant probability in our study, but may also point to real differences between ketamine-induced MMN deficits and those observed in schizophrenia.
Our results are at odds with a recent study in which ketamine reduced ERP measures of selective attention, but not MMN. 66 However, this study used a much smaller dose of ketamine. Second, the paradigm used in this study is suited for investigating ERP indices of selective attention, but not MMN. In addition, low numbers of deviant stimuli as used in the paradigm of that study result in a poor signal-to-noise ratio, further obscuring subtle but potentially significant changes.
Generators for MMN have been localized to primary auditory cortex. 57, 67, 68 Consistently, infusion of NMDA antagonists into primary auditory cortex of monkeys abolishes MMN. 40 Thus, it is parsimonious to assume that ketamine exerted its main effect on MMN generation locally in these cortical areas. However, in humans prefrontal lesions are also associated with deficits in MMN generation and, interestingly, slight increases of N1, 69, 70 similar to the ketamine-induced effects in the present study. Thus, early sensory processing failures may be caused, in part, by a loss of top-down control. Ketamine induces a marked increase of metabolic activity in prefrontal areas. [32] [33] [34] Therefore, it is conceivable that a loss of this top-down control secondary to ketamineinduced prefrontal dysfunction exerted an additional reducing effect on MMN generation and was responsible for the slight increase of N1.
This study also investigated ketamine-induced performance deficits in a modified AX-CPT. Ketamine administration not only decreased hit rates significantly, but was associated with a specific and significant increase of those errors that are assumed to reflect a failure to form and use a transient representation of a cue stimulus (BX errors). In contrast, ketamine did not significantly increase the rates of other possible errors where such a transient memory is not tapped (AY and BY errors). Thus, higher BX errors cannot be ascribed to an indiscriminate increase in errors by subjects. This deficit did not disproportionally worsen at the long ISI, indicating that ketamine did not impair the maintenance of the memory trace (ie, result in a faster decay of information). Rather, the profile of deficits is consistent with an impairment of processes that may involve or affect the initial formation and/or utilization of such a memory trace. This specific pattern closely resembles the pattern of deficient performance that schizophrenic patients show in this task: the accompanying publication by Javitt et al, 21 and other studies of patients with schizophrenia using almost identical versions of the AX-CPT, similarly reported specific increases of context-dependent BX errors in patients. 22, 23, 56 Only one study found an abnormal decay of information in schizophrenia. 22 Thus, patients with schizophrenia mostly demonstrate deficits consistent with impaired formation and/or use of a memory trace in the absence of a pronounced abnormality in information maintenance The similarity of ketamineinduced deficits thus suggests that NMDAR-related dysfunction may contribute to the observed deficits in schizophrenia.
Are the effects of ketamine observed in this study specifically caused by its NMDA antagonist properties or would other agents affecting attention but not active at NMDAR exert similar effects? The available evidence argues against the latter: administration of a fragment of the adrenocorticotropic hormone resulted in a significant reduction of an ERP measure of selective attention without affecting MMN. 71, 72 Also, the stimulant methylphenidate did not affect MMN generation in hyperactive children despite a significant enhancement of attention-dependent ERPs. 73 Furthermore, both subanesthetic doses of nitrous oxiderecently shown to be an NMDA antagonist 74, 75 -and ethanol, which possesses NMDA antagonistic properties 76 significantly reduce MMN without affecting ERP measures of selective attention. [77] [78] [79] [80] Ketamine used in this study is a racemic mixture of the enantiomeres S-and Rketamine, with S-ketamine binding with a 4 to 5 times higher affinity to the phencyclidine-binding site of the NMDAR complex than R-ketamine. 81 However, the affinity of both enantiomeres to the NMDAR is several-fold higher than their respective affinities for sigma, opioid, and muscarinic receptors. 81, 82 It is thus unlikely that direct actions at other receptors contributed substantially to the observed effects.
The NMDA antagonists induce excessive glutamate release 83, 84 -an effect shared by 5-HT2A agonists 85 ; thus, the reduction of MMN could have been the result of such an effect. However, in a recently completed study of 18 healthy volunteers the psychotomimetic psilocybin, a 5-HT2A agonist, did not significantly reduce MMN despite a comparable magnitude of behavioral effects. However, psilocybin induced similar deficits in AX-CPT performance. 86, 87 It is thus likely that ketamine-induced excessive glutamate release contributed substantially to the specific performance deficits in the AX-CPT.
CONCLUSIONS
This study demonstrated that the NMDAR antagonist ketamine induces deficits in MMN generation and performance of the AX-CPT that closely resemble deficits observed in schizophrenia. In both paradigms, the effects of NMDA blockade are consistent with impairments in the formation and use of transient memory traces. Deficient NMDAR-dependent neurotransmission may contribute to such deficits in schizophrenia. This study thus supports the glutamatergic/NMDA model of schizophrenia.
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